Division 2 cases, the eruptive path is perturbed by torquing the crown lingually, leaving the remainder of the formative root to mineralize along the original path demarcated by the neurovascular triad of the tooth. A large collum angle is then, an irreversible consequence of an early dental compensation. Next, in moderate to severe Class III malocclusion, the maxillary incisors, instead of exhibiting extreme proclination, have been trapped and constrained by prognathic mandible. Hence, the normal eruptive path of crown is contravened by lower incisors and realigned in a more upright inclination. Again unmineralized portion of the root is minimally affected by torquing forces of the crown and continues to develop along the pathway defined by Hertwig's epithelial sheath encasing the neurovascular supply of the tooth.
Numerous studies suggest that the crown root angulation (collum angle) significantly differs from the other group of malocclusions. [1] [2] [3] [4] These differences are shorter roots, larger crowns, greater axial curvatures, and reduced labiopalatal thickness. Hence, tooth with a higher degree of collum angle complicates orthodontic intrusion and torque of the incisors. In severe cases, may increase the danger of perforating palatal cortical plate. [3] It has been proven that, when a particular amount of intrusive and retraction forces were applied in both labial and lingual systems, the results were different. In the labial system, the net force vector passes through the center of resistance (CR) and brings about the intrusion. When forces were applied on the labial side, the net moment was zero. Hence, the net vector passes through the CR, which resulted in intrusion. [5] The net force vector in lingual orthodontics (LiO) does not pass through the CR and therefore produced lingual tipping of the incisors. It creates a moment which results in lingual tipping. Therefore, the forces should be minimized, and more torque should be incorporated to prevent lingual tipping. More torque force is needed to retract the anteriors using LiO. Thorough understanding of the biomechanical differences of incisor torque control during lingual and labial orthodontics (LaO) is critical for the best results. Therefore, the aim of our study was to provide valuable information on biomechanical differences of maxillary central incisor torque control with varying collum angles of 0°, 5°, 10°, 15° under the same amount of intrusive force, retraction force, and lingual root torque during labial and LiO. This will help in reducing the unwanted tooth movements and also the root damage that may occur.
subjects and Methods
Four pairs of maxillary right central incisors were modeled with crown-root angle of 0°, 5°, 10°, 15° as depicted in Figure 1 . The crown length was considered to be 10.5 mm, and the root length of the teeth was considered to be 13 mm, and crown mesiodistal width was taken from Wheeler's dental anatomy textbook. [6] The thickness of periodontal ligament (PDL) was simulated as a 0.25 mm thick layer around the roots and alveolar bone of 0.5 mm [ Figure 2 ].
The position and axial inclination of teeth were considered on the basis of ideal occlusion of Andrew's [7] and all the elements contributing to the model was assumed to be homogeneous. The type of finite element used in the analysis was 8 noded hexahedron.
When designing three-dimensional finite element model (FEM), smaller elements were assigned to the areas with the potential for high-stress gradients, such as teeth, PDL, and adjacent alveolar bone. The mechanical properties were assigned to the elements considering Young's modulus and Poisson's ratio as depicted in Table 1 . Each model has 147,344 nodes and 282,372 elements. The analysis was performed with ANSYS software (version 5.4, ANSYS Inc., Canonsburg, PA, USA).
In this study, force loading was divided into three categories, Load 1 [ Figure 3 The stresses calculated for these orthodontic loadings were principal stress, and these stresses were expressed as compressive stress (which are negative) or tensile stress (which are positive).
The analysis was mainly focused on the maximum and minimum principal stresses and maximum and minimum 
Results

Effects of labial orthodontics under Load 1
Principal stress and strain Maximum tensile (red) and compressive (blue) stress occurred at cervical region and apical region on labial side in all the models with the highest tensile stress seen in 0° model followed by 15°model [ Table 2 and Figures 5-8 ].
In all the models, the maximum strain (green color) was seen at cervical region on lingual side and minimum strain (blue color) was seen at apical region with the highest strain seen in 15° model and lowest strain in 10° model [ Table 3 and .
Change in center of rotation
When collum angle increased on the application of Load 1, the center of rotation shifted toward the cervical region. The distance from incisal edge was 15.82 mm and 15.54 mm respectively in 0° and 15°models [ Table 4 ].
Apical displacement
The overall effect under Load 1 was an intrusion and more amount of it being seen in 0° and less of it being seen in 15° models [ Table 5 ]. As the collum angle increased, the apical displacement (intrusion) decreased [ Figures 13-16 ].
Effects of lingual orthodontics under Load 2
Principal stress and strain Maximum tensile and compressive stress occurred at cervical and apical region of labial surfaces in all the models. Among all the models, the highest tensile and compressive stress was seen in 15° model [ Table 6 and Figures 17-20 ].
In all the models, the maximum strain was seen at the cervical region of lingual side and minimum strain at apical region on labial side moving toward labial side. On comparing all the 4 collum angle models, the highest strain was seen in 15° model, and the lowest strain was seen in 15° model [ Table 7 and Figures 21-24].
Change in center of rotation
When collum angle increased, the center of rotation shifted toward the cervical region [ Table 8 ].
Apical displacement
Under Load 2, the overall effect was intrusion. Among all 4 cases, more amount of intrusion was with 0° and less amount of intrusion with 15° model [ 
Comparison of the effects in labial and lingual models
Principal stress
In both the systems (LaO and LiO), the tensile stress was seen at cervical one-third region on labial side and at apical one-third region on lingual side with the compressive stress seen at cervical one-third on lingual side and apical one-third on labial side.
Among all models, the highest tensile and compressive stress was seen in the 15° model under both loads [ Tables 2 and 6 ].
Principal strain
In both the systems, the maximum strain was seen at cervical region on lingual side and the minimum strain was seen at apical region on labial side.
Lingual 15° model showed the highest strain and the lowest strain was recorded in labial 10° model [ Tables 3 and 7 ].
On comparing the labial and lingual systems, the maximum strain was recorded in 15° models. However, the minimum strain was recorded in 10° model under Load 1 and 15° model under Load 2.
Center of rotation
In both the systems, on increasing the collum angle, the center of rotation shifted cervically [ Tables 4 and 8 ].
Apical displacement
In both LaO and LiO system for all collum angles, the overall intrusion was seen, which was more in 0° models and less in 15° models. As the collum angle increased, the amount of intrusion decreased gradually [ Tables 5 and 9 ].
Intrusion was more in labial models as compared to the lingual models. 
dIscussIon
In vitro studies provided orthodontists with new concepts on the behavior of oral and dental tissues in response to the forces. Results from FEM are highly reliable. [8] Although it is not possible to exactly simulate the in vivo conditions such as blood pressure, cellular responses, pH, and oxygen pressure, FEM may shed light on some unknown aspects of tooth movement (e.g., response of PDL to orthodontic forces). Proffit [9] pointed out that the change in PDL is the first and key biochemical phenomenon of tooth movement. It is feasible to partially anticipate this movement by the help of FEM.
Differences and reasons of the stress-strain distribution and the displacement in the PDL of maxillary central incisors with collum angle of 0°, 5°, 10°, 15° under same M 0 +F 0 +F z in LaO and LiO are as follows:
In LaO, the stress distribution in PDL from cervical margin to the apex of the tooth showed that the tensile stress was concentrated near cervical area and the compressive stress was concentrated near apex. This indicates that the tooth movement is tipping in all the models. Among all the 4 models, the highest tensile stress and lowest compressive stress was seen in 0° model indicating controlled tipping. As collum angle increases, the tensile stress reduces and compressive stress increases. But in 15° model, the tensile stress was more compared to 5° and 10° model (lesser than 0° model) and the highest compressive stress was seen in 15° model thus indicating uncontrolled tipping. The highest stress distribution was seen in 15° model. However, intrusive movement was seen in all the models, maximum in 0° model and minimum in 15° model, same as in Heravi et al. [10] study.
In LiO, the stress distribution in PDL from cervical margin to the apex of the tooth showed that, on labial surface of the PDL, the tensile stress was significantly concentrated in cervical region and gradually decreased toward apex; on the lingual surface of the PDL, compressive stress was significantly concentrated at cervical margin, gradually decreasing toward the apex. This indicated the tooth movement was tipping for all the models. Among all the 4 models, the highest tensile stress and highest compressive stress was seen in 15° model indicating uncontrolled tipping same as with Liang et al. [5] study. As collum angle increased from 0° to 5° then 10° the tensile stress reduced and compressive stress increased. But in 15° model, the tensile stress was more compared to 0°, 5° and 10° model and the highest compressive stress was seen in 15° model indicating uncontrolled tipping. The highest stress distribution was seen in 15° model. However, intrusive movement was seen in all the models. Maximum intrusive movement was more in 0° model and minimum intrusive movement was seen in 15° model. In LiO, the intrusion and retraction forces brought tipping of incisors. The same amount of intrusion and retraction forces brought intrusion of incisors in LaO; similar results were seen in a study conducted by Mascarenhas et al. [8] On comparing the stress distribution and apical displacement values between LaO and LiO, it was concluded that in both the cases tooth movements were tipping with intrusion, but the amount of tipping and intrusion differed with an increase in collum angle. In both the systems, the tensile stress was seen significantly at cervical one-third on labial side, and compressive stress was seen significantly at apical one-third on labial side. Under Load 1 and Load 2, the highest tensile stress and highest compressive stress was seen in 15° model under Load 2 (LiO) which signified more of tipping seen in lingual models as compared to the labial models. On comparing the apical displacement values, intrusion in labial models were more compared to the lingual models because of the net force vector effect as seen in Geron et al. [11] study.
The maximum strain was seen in lingual models compared to labial models at cervical region on lingual side of the root.
The center of rotation shifts cervically with an increase in collum angle of 0°-15° both in LaO and LiO. On comparing LaO and LiO, the center of rotation of all the models under Load 2 was located more cervically than under Load 1.
On analyzing the possible reasons for the biomechanical differences in LaO and LiO, it was concluded that since the teeth and the PDL are not totally rigid material, but elastic material according to force application point there will be differences in stress-strain.
The vertical heights of force application points were different. In both LiO and LaO treatments, the positioning of the brackets was in theory at the midpoint of the surface of the crown. But as the maxillary incisors generally tilt somewhat, the application points in LiO are more occlusal than in LaO. The results of the present study show that the height of the force application points in LiO and LaO were different from each other by 1.16 mm. Therefore, while applying a 1 N horizontal lingual retraction force, 1.6 × 10 −3 Nm lingual crown torque was generated; it exaggerated the lingual crown movement in LiO in all the models. The torque effect by vertical intrusive force was different as reported by van Loenen et al. [12] From mechanics, the intrusive force F z generates two orthodontic effects: Intrusion of the maxillary incisor and an effect equal to lingual root torque. This effect of lingual root torque is in a direct ratio with the distance between the force application point and the CR. Since the arm of force from application points to the CR in LiO is significantly shorter than in LaO, the effect of lingual root torque of the intrusive force in LiO is much weaker, as explained by Geron et al. [11] Hence, there was more of tipping movement in all the models with LiO than LaO. The change in center of rotation location also signifies tipping movement was more in lingual models compared to labial models.
On increasing collum angle, the vertical distance between the point of force application and the CR of tooth reduces. Therefore, less moment is generated. Apart from this, according to labial and lingual orthodontic biomechanics, there is more of lingual tipping compared to labial as the net force vector does not pass through the CR. Therefore, above reasons explains our result for more of tipping, less of intrusion and change in centre of rotation more cervically with LiO than LaO with an increase in collum angle.
The results showed that with increase in collum angle, the stress and strain distribution around the PDL becomes more in both the techniques. More tipping movement was seen in both the techniques as the center of rotation shifts cervically with an increase in collum angle. However, the tipping movement was more in LiO than LaO. However, there was more of intrusion seen in LaO than in LiO. Smaller crown root angle models showed more of intrusion, supported by Knösel et al. study. [13] conclusIon From the present study, we conclude that as the collum angle increased, the stress-strain distribution increased in LaO and LiO. The center of rotation shifted cervically, and the intrusion decreased when collum angle increased. The values were more marked in LiO.
The biomechanical differences should be taken into consideration while applying orthodontic forces to reduce unwanted tooth movements and root damage. 
